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EFFECTS OF TIP CLEARANCE ON OVERALL PERFORMANCE OF TRANSONIC
FAN STAGE WITH AND WITHOUT CASING TREATMENT
by Royce D. Moore and Walter M. Osborn
Lewis Research Center
SUMMARY
The overall performance of a transonic fan stage is presented for various tip clear-
ances, with and without casing treatment. The stage was tested with a solid casing, and
with open skewed slots and closed skewed slots in the casing over the rotor blade tips.
Four nominal nonrotating rotor blade tip clearances from 0. 061 to 0.178 centimeter
were used. For all three casings, the pressure ratio and efficiency decreased with in-
creasing tip clearance. The stall margin for a given casing also decreased with increas-
ing clearance. At design speed and a given tip clearance, the highest stall margin was
obtained with the open-slot casing, and the lowest stall margin was obtained with the
solid casing.
INTRODUCTION
Modern aircraft may be required to operate over a wide range of flight speeds, with
conditions of varying inlet flow distortions and time-unsteady flow into the engine. When
the fan experiences a stalling condition, the rotor blades may rub the outer casing; thus,
the rotor blade tip clearances are usually larger for commercial engines than those for
experimental fan stages.
Increased rotor blade tip clearance generally results in lower efficiency and stall
margin. It would be desirable to attenuate the decrease in fan performance that results
from increased clearance. Casing treatment across the tips of the rotor blades has been
an effective method for improving the stall margin of fans (refs. 1 to 5). In the investi-
gation of reference 5, a low-speed axial-flow rotor was tested with various tip clear-
ances for various casing treatments. The results of that investigation indicated that
stall margin with skewed-slot casing treatment was unaffected by tip clearance. In the
present investigation, conducted at NASA Lewis Research Center, the effect of tip clear-
ance on the overall performance of a transonic fan stage with both a solid casing and a
skewed-slot casing treatment was evaluated. The skewed slots extended over the middle
portion of the rotor blades and were tested both with the slots open and with them closed
by a backing plate. This report presents the overall performance results for uniform
inlet flow conditions for the stage with a solid casing and with the two skewed-slot cas-
ings. Data were obtained at four nominal nonrotating tip clearances from 0.061 to 0.178
centimeter. The fan was tested over the stable operating range for speeds of 50 to 100
percent of design speed.
APPARATUS AND PROCEDURE
Test Facility
The fan stage was tested in the Lewis single-stage compressor facility, which is de-
scribed in detail in reference 6. A schematic of the facility is shown in figure 1. At-
mospheric air enters the test facility at an inlet located on the roof of the building and
flows through the flow-measuring orifice and into the plenum chamber upstream of the
test stage. The air then passes through the experimental fan stage, into the collector,
and is exhausted to the atmosphere.
Test Stage
The test stage is the same one that was described in detail in reference 7. Thus,
only a brief description is included herein for completeness.
The overall design parameters for stage 8-8 are listed in reference 7, and the flow-
path geometry is shown in figure 2 herein. This stage was designed for an overall pres-
o
sure ratio of 1. 750 at a flow of 29. 5 kilograms per second (200.6 (kg/sec)/m of annulus
area). The design tip speed was 423 meters per second. The stage was designed for a
tip solidity of 1. 5 for the rotor and 1. 5 for the stator. This resulted in 49 rotor blades
with an aspect ratio of 2.4 and 54 stator blades with an aspect ratio of 2.0.
The rotor and stator are shown in figures 3 and 4, respectively. Each rotor blade
had a vibration damper located at about 48 percent span from the outlet rotor tip. The
maximum thickness of the damper was 0.214 centimeter. The axial spacing between the
rotor-hub trailing edge and the stator-hub leading edge was 3. 33 centimeters.
Casing Treatments and Tip Clearances
The casing treatments were fabricated as inserts to fit in a casing recess over the
tips of the rotor blades (fig. 2). Two different casing inserts were designed. Each was
machined so that the casing treatment was parallel to the rotor tip with a nominal (non-
rotating) clearance of 0. 061 centimeter.
For the tip clearance studies, a uniform increment of material was removed from
the insert (see fig. 5) in the region over the rotor tip. The diameter was then faired to
the casing diameter to approximately 1.3 centimeters ahead of the leading edge and down-
stream of the trailing edge.
The growth of the rotor blades was calculated to be approximately 0.040 centimeter,
and thus the true clearances at design speed are approximately 0. 040 centimeter less
than the values presented.
The skewed-slot insert is shown in figure 6. A similar insert was used in the in-
vestigation of reference 1. This insert was tested with and without the backing plate.
The slots were designed to be approximately parallel to the axial direction and were
skewed in the direction of rotation at a 60° angle relative to the radial direction. There
were 260 slots, with the slot width twice the land width. The slots extended over the mid
portion of the rotor blades.
Instrumentation
Two Chromel-constantan thermocouples were located in the plenum chamber for
sensing inlet total temperature. Inlet total pressure was assumed equal to plenum static
pressure and was determined from four manifolded wall static-pressure taps located ap-
proximately 90° apart in the plenum chamber. The stage outlet conditions were deter-
mined from measurements obtained from four rakes located approximately 90° apart and
4 centimeters downstream of the stator trailing edge. Each rake (fig. 7) had five total-
pressure - total-temperature elements, located at 11.0, 30.5, 50.0, 69.5, and 89. 0 per-
cent of the passage height from the outer casing. The thermocouple material for the
rakes was Chromel-Alumel. The outlet static pressure at the various rake positions was
determined by assuming a linear variation between the outer- and inner-wall static pres-
sures. A calibrated orifice was used to determine airflow. Rotor speed was determined
by use of a magnetic pickup in conjunction with an electronic counter.
The estimated errors of the data based on inherent accuracies of the instruments and
recording systems are as follows:
Airflow, kg/sec ±0. 3
Temperature, K ±0. 6
O
Inlet total pressure, N/cm ±0.01
t\
Outlet total pressure, N/cm ±0.10
o
Outlet wall static pressure, N/cm ±0.10
Rotor speed, rpm ±50
Test Procedure
Data were recorded at 50, 60, 70, 80, 90, and 100 percent of design speed for each
configuration. For each speed, the data were taken over a range of flows from maximum
flow to stall conditions. The stall points were established by increasing the back pres-
sure until stall occurred. This was indicated by the simultaneous drop in stage outlet
pressure and increase in audible noise level.
Calculation Procedure
The overall stage performance is based on average conditions in the plenum chamber
and on mass-averaged values of total pressure and total temperature at the stator outlet.
The rake temperatures were corrected for Mach number. All performance parameters
were corrected to standard-day conditions based on plenum measurements.
The percent stall margin is based on the pressure ratio and flow at stall and those
values at a reference point on the speed line corresponding to an assumed operating line.
RESULTS AND DISCUSSION
All the data are presented in tabular form in tables I to m for all the speeds tested.
However, for discussion purposes, only the data for 70 and 100 percent of design speed
and the stall line are plotted for each configuration.
Performance with Solid Casing
The overall performance for the solid casing is presented in figure 8 for nominal tip
clearances of 0. 061, 0.102, 0.140, and 0.178 centimeter. For the reference case of
0. 061 centimeter, the stall point at design speed was at an airflow of 26. 66 kilograms
per second and at a pressure ratio of 1. 757. As the tip clearance was increased, both
the operating flow range and the stall pressure ratio decreased. At design speed, peak
efficiency of 0. 803 for the reference case occurred at an airflow of 29.23 kilograms per
second. As the clearance increased, not only did the peak efficiency decrease, but the
flow at which it occurred moved closer toward the stall point. The stall margin pro-
gressively decreased with increasing tip clearances, as indicated by the stall lines mov-
ing to the right (higher flows). The first increment of change in tip clearance (from
0.061 to 0. 102 centimeter) had the most significant effect on the performance. This in-
crease in clearance caused a drop in peak efficiency from 0. 803 to 0. 769, and a corre-
sponding decrease in pressure ratio from 1. 711 to 1.660. Further increases in the tip
clearance resulted in progressively smaller effects.
Performance with Closed-Skewed-Slot Casing
The overall performance for the closed-skewed-slot configuration is presented in
figure 9 for nominal tip clearances of 0. 061, 0.102, 0.140, and 0.178 centimeter. The
general trend is similar to that for the solid casing; that is, stall pressure ratio and
flow range decrease with increasing clearances. Peak efficiency also decreased, and
the flow at which peak efficiency occurred moved closer to the stall line as clearance
increased.
Increasing the clearance from 0.102 to 0.140 centimeter had approximately the same
effect on the stall line as did increasing the clearance from 0. 061 to 0.102 centimeter.
This is in contrast to the corresponding changes produced by the same increases in tip
clearance with the solid casing.
Performance with Open-Skewed-Slot Casing
The overall performance for stage 8-8 with the open-skewed-slot configuration is
presented in figure 10 for nominal tip clearances of 0. 061, 0.140 and 0.178 centimeter.
This configuration was not tested with a tip clearance of 0.102 centimeter. The basic
trends produced by increasing tip clearances with the two previous configurations are
also evident with this configuration.
Effects of Tip Clearance and Casing Treatment
The effects of tip clearance and casing treatment on the overall performance and
stall margin for stage 8-8 at design speed are summarized in figures 11 and 12. Pres-
sure ratio and efficiency are presented as functions of tip clearance for the three
configurations in figure 11. Stall margin is presented as a function of the same param-
eter in figure 12. The data presented are based on an assumed operating line which
passes through the stall point with the solid casing with 0.178-centimeter tip clearance.
This operating line corresponds very closely to the peak efficiency point for all
configurations.
Performance was most affected by tip clearance with the solid casing. As the tip
clearance was increased from 0. 061 to 0.178 centimeter, the pressure ratio decreased
from 1.69 to 1. 61, and the efficiency decreased from 0. 80 to 0. 74. Whereas with both
the closed-skewed-slot casing and the open-skewed-slot casing, the same increase in tip
clearance reduced the efficiency from 0. 775 to 0. 75. Although the efficiency with both
skewed-slot casings is lower than that for the solid casing when the clearance is minimal,
the decrease in efficiency with increasing clearance is not as rapid. Therefore, at the
larger clearances, the efficiencies are equal to, or greater than, those with the solid
casing. The effect of increasing tip clearance on pressure ratio is similar. Although
the open-skewed-slot casing had the lowest pressure ratio at a clearance of 0.061 centi-
meter, it had the highest pressure ratio at clearances of 0.140 and 0.178 centimeter.
For the solid casing, the stall margin decreased from 15 percent to 3 percent as the
tip clearance was increased from 0. 061 to 0.102 centimeter (fig. 12). As the tip clear-
ance was further increased to 0.178 centimeter, the stall margin decreased to zero.
For all clearances, the stall margin was at least 7 percent greater for the closed-
skewed-slot casing than for the solid casing. Opening the slots resulted in a further in-
crease in stall margin.
As indicated previously, the nominal tip clearances were obtained statically, and the
blade growth was calculated to be about 0. 040 centimeter at design operating conditions.
At the stall condition, the temperature ratio is higher for the skewed-slot configurations
than for the solid casing. And it is highest in the configuration with open slots. There-
fore, the operating tip clearance is probably smallest for the open configuration for a
given nominal clearance. The resulting actual reduced tip clearance may account, at
least in part, for the increased stall margin for the open-skewed-slot configuration.
SUMMARY OF RESULTS
The overall performance of a transonic fan stage with various casing treatments and
blade tip clearances was investigated. The stage was tested with a solid casing, and
with closed skewed slots and open skewed slots in the casing over the rotor blade tips.
Four nominal nonrotating rotor blade tip clearances from 0.061 to 0.178 centimeter were
used. Data were obtained over the stable operating flow range of the stage at rotative
speeds from 50 to 100 percent of the design speed. The following were the principal re-
sults of the investigation:
1. Increasing tip clearance had an adverse effect on the performance of all three
configurations tested. The effect was the greatest for the solid casing.
2. Stall margin for the solid casing decreased from 15 percent to 3 percent for an
increase in tip clearance from 0. 061 to 0. 102 centimeter. As clearance was further in-
creased to 0.178 centimeter, the stall margin decreased to zero. Stall margin for the
closed-skewed-slot configuration was at least 7 percent greater than that for the solid
casing over the range of tip clearances tested. The open-skewed-slot configuration re-
sulted in further increases in stall margin.
Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, November 5, 1976,
505-04.
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TABLE I. - OVERALL PERFORMANC E OF FAN STAGE WITH SOLID CASING
(a) Rotor blade tip clearance, 0. 061 centimeter
Reading
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TABLE I. - Continued
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TABLE I. - Continued
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TABLE E. - OVERALL PERFORMANCE OF FAN STAGE WITH CLOSED SKEWED
SLOTS IN CASING OVER THE ROTOR BLADE TIPS



































































































































































































TABLE n. - Continued
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TABLE n. - Continued



































































































































































































TABLE n. - Concluded










































































































































































































TABLE m. - OVERALL PERFORMANCE OF FAN STAGE WITH OPEN SKEWED
SLOTS IN CASING OVER THE ROTOR BLADE TIPS



































































































































































































TABLE m. - Continued




































































































































































































TABLE El. - Concluded
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Figure 1. - Compressor test facility.
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Figure 2. - Flow path geometry for stage 8-8.
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Figure 3. - Rotor 8.
Figure 4. - Stator 8.
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figure 8. - Effect of rotor-blade tip clearance on overall performance of
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Figure 11. - Effects of rotor-blade tip clearance and
casing treatment on overall performance of
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Figure 12. - Effects of rotor-blade tip clearance and
casing treatment on stall margin of stage 8-8 at
design speed. (Data based on assumed operating
line.)
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